ABSTRACT
INTRODUCTION
Radiation therapy is a common and important tool for cancer treatment. Eighty per cent of cancer patients need radiotherapy at some time or other, either for curative or palliative purpose. Radiosensitivity of the normal tissues adjacent to the tumour limits therapeutic gain. Response of the normal tissues to therapeutic radiation ranges from those that cause mild discomfort to others that is life-threatening. The speed at which a response develops varies widely from one tissue to another and often depends on the dose of radiation (1−3). Ionizing radiation is known to generate reactive oxygen species (ROS) in irradiated tissue. Because 80% of human body weight is water, the majority of the radiation damage result from the aqueous free radicals, generated by the action of radiation on water. Reactive oxygen species also cause injury by reacting with biomolecules such as lipids, proteins and nucleic acids as well as by depleting enzymatic antioxidants such as glutathione peroxidase (GSH-Px), superoxide dismutase (SOD) and/or non-enzymatic antioxidants such as reduced glutathione (GSH), melatonin, Vitamin C, E in the tissue and cells. These reactions take place in tumour as well as normal cells when exposed to radiation (4−6) . To control the flux of ROS, aerobic cells have developed their own defense system against free radical attacks, the antioxidant system, which includes enzymatic and non-enzymatic components. The antioxidant system consists of low molecular weight antioxidant molecules such as GSH and of various antioxidant enzymes like superoxide dismutase (SOD) and glutathione peroxidase (7, 8) .
Nitric oxide (NO • ) is an inorganic free radical produced from L-arginine by a family of isoenzymes called nitric oxide synthases [NOSs] (9, 10) . Two of them are constitutively expressed and the third is inducible by immunological stimuli. NO
• , produced by the constitutive enzymes, acts as an important signalling molecule in the cardiovascular and nervous systems, and NO
• induced by the inducible NOS (iNOS) and generated for prolonged periods by cells of the immune system among others, are cytostatic/cytotoxic for tumour cells and a variety of micro-organisms (10) .
Nigella sativa, commonly named as black seed or black cumin, is an annual herb incorporated in diets to promote health and to treat some diseases. Pharmacological and toxicological studies carried out on thymoquinone (TQ), an active component of the volatile oil of black cumin seeds, have reported it to possess diverse pharmacological effect's such as: antioxidant, hepatoprotective, neuroprotective, antidiabetic, anti-inflammatory, nephroprotective, anti-mutagenic, anti-carcinogenic and anti-convulsant activities (11−15) .
In this study, we studied the effect of irradiation and addition of TQ on the oxidant/antioxidant system in the tonguetissue of rats exposed to total cranial irradiation. To the best of our knowledge, there is no experimental study that investigates the effect of TQ supplementation on total (enzymatic plus nonenzymatic) superoxide scavenger activity (TSSA), non-enzymatic superoxide scavenger activity (NSSA), SOD, GSH-Px, glutathione-S-transferase (GST), xanthine oxidase (XO), nitric oxide synthase (NOS) activities, nitric oxide (NO • ), peroxynitrite (ONOO -) and malondialdehyde (MDA) in the tongue-tissue of the rats receiving ionizing radiation. Therefore, we aimed to investigate the effect of TQ supplementation on oxidant/antioxidant parameters in the tongue-tissue of rats with or without exposure to total cranium irradiation.
SUBJECTS AND METHODS Chemicals
Thymoquinone, nicotinamide adenine dinucleotide (NADH), reduced glutathione (GSH), glutathione disulfide reductase, hydrogen peroxide (H 2 O 2 ), xanthine, xanthine oxidase (XO), nitrobluetetrazolium (NBT), and trichloroacetic acid (TCA) were purchased from Sigma Chemical Co (St Louis, MO, USA).
Rats and experiments
Thirty-two Sprague-dawley rats, 10−12 weeks old, weighing 200 ± 25 g at the time of radiation, were used for the experiment. This study was approved by the local Ethics Committee of the Gaziantep University. The rats were quarantined for at least one week before gamma irradiation and fed standard laboratory chow and water ad libitum.
The rats were randomly divided into four equal groups. Group 1 (control group) did not receive TQ or irradiation. Group 2 (Sham control group) did not receive TQ or irradiation, but received ip injections of dimethyl sulfoxide at an equal volume of TQ used in Group 4. Group 3 (IR group) received total cranium 5 Gy gamma irradiation as a single dose plus physiological saline ip. Group 4 (IR plus TQ group) received 50 mg/kg/day TQ ip injection daily starting 30 minutes before the radiation and continued for 10 days after irradiation (total of 10 days).
Prior to total cranium irradiation, all rats were anesthetized with 80 mg/kg ketamine HCl (Pfizer Ilac, Istanbul, Turkey) and placed on a tray in the prone position. The rats in the IR and the IR plus TQ groups received a single dose of 5 Gy irradiation using Cobalt-60 teletherapy unit (Picker, C9, Maryland, NY, USA) from a source-to-surface distance of 80 cm by 5 x 5 cm anterior fields covering the total, while the rats in the control and sham control groups, received sham irradiation. The dose rate was 0.49 Gy/min. The central axis dose was calculated at a depth of 0.5 cm.
Biochemical analysis
Ten days after irradiation, all animals were killed by decapitation, their tongues were taken. The tongue-tissues were homogenized in physiological saline solution (IKA-NERKE, GmBH & CO. KB D-79219, Staufen, Germany). The homogenate was centrifuged at 10 000 g for one hour to remove debris. The clear upper supernatant was collected and all assays were carried out on this fraction. All the procedures were performed at 4°C.
Determination of TSSA, NSSA and SOD activities
Total superoxide scavenger activity and NSSA assays, as indicators of tissue antioxidant capacity, were performed on the samples before and after adding trichloroacetic acid (TCA, 20%), as described before (16, 17) . First, TSSA was measured. In this method, xanthine-xanthine oxidase complex produced superoxide radicals that react with nitroblue tetrazolium (NBT) to form a farmazone compound. Total superoxide scavenger activity was calculated by using a blank reaction in which all reagents except the supernatant sample were present and by determining the absorbance of the sample and blank. Second, NSSA activity is measured in TCA-treated fractions prepared by treating part of the sample with a final concentration of 20% (w/v) TCA solution (to remove all enzymes and proteins), and centrifuged at 5000 x g for 30 minutes. After the elimination of proteins by this procedure, NSSA activity assay was performed in the supernatant fraction. Superoxide dismutase activity was calculated as the difference between TSSA and NSSA. One unit of TSSA, NSSA and SOD was defined as the amount of enzyme protein causing 50% inhibition in nitrobluetetrazolium reduction rate. Results were expressed as U/mg protein.
Determination of GSH-Px, GST, XO and NOS activities
Glutathione peroxidase activity was assayed according to Paglia and Valentina (18) . In this method, GSH-Px catalyzed the oxidation of glutathione in the presence of tertbutyl hydroperoxide. Oxidized glutathione is converted to the reduced form in the presence of glutathione reductase and NADPH, while NADPH is oxidized to NADP. The reduction in absorbance of NADPH at 340 nm was measured. The absorbance change per minute and the molar extinction coefficient of NADPH were used to calculate GSH-Px activity. Glutathione peroxidase activity was expressed as IU/mg protein. Glutathione-S-transferase activity of the supernatant was measured by using 1-chloro-2, 4-dinitrobenzene (CDNB) and GSH as described by Habig et al (19) . Glutathione-Stransferase activity was expressed as U/mg protein. Xantine oxidase activity was measured spectrophotometrically by the formation of uric acid from xanthine through the increase in absorbance at 293 nm (20) . Xantine oxidase activity was expressed as U/mg protein. Nitric oxide synthase activity assay is based on the diazotization of sulfanilic acid by NO
• at acid pH and subsequent coupling to N-(1-naphthyl) ethylenediamine. To 0.1 mL of sample, 0.2 mL of 0.2 M arginine was added and incubated at 37°C for one hour. Then, the combination, 0.2 mL of 10 mM HCl, 100 mM sulfanilic acid and 60 mM N-(1-naphthyl) ethylenediamine was added. After 30 minutes, the absorbance of the sample tube was measured against a blank tube at 540 nm (21) . Results were expressed as U/mg protein.
Determination of MDA, NO
• and ONOO -levels Malondialdehyde, the final product of lipid peroxidation, was determined spectrophotometrically according to a similar method described by Ohkawa et al 1978 (22) . Briefly, a mixture of 8.1% sodium dodecyl sulfate [SDS] (0.2 mL), 20% acetic acid (1.5 mL), and 0.9% thiobarbituric acid (1.5 mL) was added to the mixture to bring the total volume to 4 mL. This mixture was incubated at 95°C for one hour. After incubation, the tubes were left for cooling under cold water and 5 mL n-buthanol/pyridine (15:1, v/v) was added, followed by mixing-up. The samples were centrifuged at 4000 rpm for 10 minutes. The organic phase, accumulated at the top of the tubes, was sampled, and sample absorbances were measured with respect to the blank at 532 nm. The concentration of MDA was calculated using 1.56 x 10 5 Mcm -1 as molar extinction coefficient. The total thiobarbituric acid-reactive substances were expressed as MDA. Results were expressed as nmol/mg protein. Nitric oxide levels in tongue-tissue were measured using the Griess reagent as previously described (23, 24) . Griess reagent, the mixture (1:1) of 0.2% N-(1-napthyl) ethylenediamine and 2% sulphanilamide in 5% phosphoric acid, gives a red-violet diazo dye with nitrite, and the resultant colour was measured at 540 nm. First, nitrate was converted to nitrite using nitrate reductase. The second step was the addition of Griess reagent, which converts nitrite to a deep purple azocompound; photometric measurement of the absorbance of 540 nm determines the nitrite concentration. Results were expressed as µmol/ gr wet weight. ONOO -assay was determined as described (25, 26) . Ten microlitre of samples was added to 5 mM phenol in 50 mM sodium phosphate buffer (pH 7.4) to get a final volume of 2 mL. After two hours incubation in a dark place at 37°C, 15 µL of 0.1M NaOH was added and the absorbance, at wavelength of 412 nm, of the samples were immediately recorded. The yield of nitrophenol was calculated from ε = 4400/M/cm. Results were expressed as µmol/gr wet weight. The protein content was determined as described (27) . Biochemical measurements were carried out using a spectrophotometer (Shimadu U 1601, Japan).
Statistical analyses
Statistical and correlation analyses were undertaken using a one-way variance analysis and Spearman's rank correlation test, respectively. Least significant difference (LSD) multiple range test was used to compare the mean values. Acceptable significance was recorded when p-values were < 0.05. Statistical analysis was performed with Statistical Package for the Social Sciences for Windows (SPSS, version 11.5, Chicago, IL, USA).
RESULTS

Oxidative parameters
As seen in Table 1 , tongue MDA level and XO activity significantly increased in the IR group when compared to the control and sham control groups. However, when IR group and IR plus TQ group were compared, tongue MDA level and XO activity was significantly increased in the IR group.
Nitrosative parameters
Tongue NO
• , ONOO -levels and NOS activity in the IR group significantly increased when compared to the control, sham control, and IR plus TQ groups ( Table 2) .
Antioxidative parameters
As seen in Table 3 , tongue GSH-Px, GST, TSSA, NSSA, and SOD activities were significantly increased in the control and sham control groups when compared to the IR group and IR plus TQ groups.
Correlation analysis
In correlation analysis, there were significant negative correlations between tongue-tissue GSH-Px and NO
• and GSH-Px and ONOO -(r = -0.75, p < 0.05 and r = -0.72, p < 0.05) in the 
DISCUSSION
Oxygen, while indisputably essential for life, can also participate in the destruction of tissue and/or impair its ability to function normally. Reactive oxygen species, as well as reactive nitrogen species (RNS), are products of normal cellular metabolism and also can be originated by exogenous sources such as carcinogenic compounds and ionizing radiations (28) . Reactive oxygen species, RNS including, superoxide anion radical (O 2
•-), hydroxyl radical (OH • ), hydrogen peroxide (H 2 O 2 ), NO
• , peroxynitrite (ONOO -) play an important role in the aetiology of many diseases (1, 9, 10, 28). It has been estimated that an average person has around 10 000-20 000 free radicals attacking each body cell each day. Reactive oxygen species and reactive nitrogen species are well-recognized for playing a dual role, both deleterious and beneficial, since they can be either harmful or beneficial to living systems (28) . Beneficial effects of ROS occur at low/moderate concentrations and involve physiological roles in cellular responses to noxia, as in defense against infectious agents and in the function of a number of cellular signalling systems. One further beneficial example of ROS at low/moderate concentrations is the induction of the mitogenic response. The harmful effect of free radicals causing potential biological damage is termed oxidative and nitrosative stress (29) .
In pathological conditions, ROS and RNS are over produced, and this results in lipid peroxidation and oxidative damage. The imbalance between ROS, RNS and antioxidant defense mechanisms leads to oxidative modification in the cellular membrane or intracellular molecules (30, 31) . Antioxidants are needed to prevent the formation and oppose the actions of ROS and RNS, which are generated in vivo and cause damage on DNA, lipids, proteins and other biomolecules. Endogenous antioxidant defenses are inadequate to prevent this damage completely, thus, diet derived antioxidants are important in maintaining the health (32) .
The aim of radiotherapy is to deliver carefully determined doses of ionizing radiation to a defined tumour volume to eliminate tumour cells, while causing minimal injury on surrounding healthy tissue, giving a high quality of life and to prolong survival at a reasonable cost to the patients. However, it is not always possible to keep the normal tissues outside of the treatment field and to avoid side effects and complications of the irradiation (1, 5, 33) . Exposure to high amounts of ionizing radiation results in damage to the haematopoietic, gastrointestinal and central nervous systems, depending on the radiation dose. It is important to protect normal tissues in the treatment field. Radioprotective agents help to protect normal tissues from radiation side effects. However, approved radioprotective agents are expensive and have some severe side effects (34, 35) . For this reason, to prevent injury caused by radiation on healthy tissue, many investigations related to natural products that have positive effects on oxidant/antioxidant systems have been constructed. Several studies on radioprotective agents are ongoing. To the best of our knowledge, the present study related TQ on tongue-tissue of rats exposed to gamma radiation is the first and important results were obtained.
In this study, we found that irradiation causes a significant decrease in the activity of antioxidant enzymes and also increases oxidant enzymes activities and oxidant parameters in tongue-tissue of rats in IR group when compared to the control and sham control groups. These results are in agreement with the previous studies carried out in different tissues (1, 5, 30, 36) . Some studies have reported a significant depletion in the antioxidant system accompanied by enhancement of lipid peroxidation after irradiation (1, 5, 37) .
In this study, we found a significant reduction in TSSA, NSSA, SOD, GSH-Px activities, an increase in MDA level, a marker of lipid peroxidation, in rat tongue-tissue in the IR group. However, these changes were not observed in IR plus TQ group when compared to IR group. The reduction in antioxidant enzymes and increase in MDA levels in the IR group may be due to an enhanced utilization of GSH redox cycle as an attempt to detoxify the free radicals generated by irradiation (1, 38) . The findings obtained in our study showed that premedication with TQ significantly decreases the MDA levels and does not change antioxidant enzyme activities in IR plus TQ group when compared to IR group. Many pharmacological investigations have been done on TQ in recent years. These studies have shown that TQ has antioxidant effect and a free radical scavenging activity, and premedication with TQ protects tissues against oxidative damage induced by a variety of free radical generating agents, including carbon tetrachloride and cisplatin (39, 40) .
Superoxide dismutase, GSH-Px, and GST are very important antioxidant enzymes that play pivotal role in the elimination of the O 2
•-and H 2 O 2, and thus, prevent the propagation of lipid peroxidation reactions. In this period, SOD, the first line of defense against oxygen-derived free radicals, catalyses the dismutation of O 2
•-into H 2 O 2 . Hydrogen peroxide can be transformed into H 2 O and O 2 by GSH-Px, a selenoprotein that reduces hydroperoxides as well as H 2 O 2 while oxidizing glutathione (GSSG). A number of potentially toxic electrophilic xenobiotics (such as certain carcinogens, bromobenzene, chlorobenzene) are conjugated to the nucleophilic glutathione (GSH) by GST which is present in high amounts in cell cytosol. Glutathione-S-transferase can also catalyze reactions reducing peroxides like GSH-Px. Reduction of GSSG to GSH is mediated by a widely distributed enzyme GSSG reductase (GRD) that uses NADPH as the reductant. As well known, these enzymes can act as protectors that preserve against the oxidative damage injury induced by ROS (1, 7, 30, 36) . The inhibition of TSSA, NSSA, SOD, GSH-Px activities as well as MDA levels demonstrated in this study after premedication of TQ can probably be explained as a consequence of less availability of the substrates for the enzymes as a result of the reported superoxide radical scavenging effect of TQ (41) .
In this study, we also showed that the irradiation also causes a significant increase in oxidant enzyme activities in rat tongue-tissue. Radiation-induced increase in XO activity, an oxidant enzyme, was prevented by TQ. Results of this study are in agreement with the results of our previous study with melatonin, L-carnitine and Vitamin E which prevented radiation induced increase in XO activity in rat (1, 3, 37) . Some studies have reported an important increase in lipid peroxidation in different irradiated tissues of rats. The possible mechanisms of irradiation induced increase of oxidative stress include disruption of the mitochondrial respiratory chain leading to leakage from the electron transport chain in rats, depletion of cellular GSH level and decreased activities of antioxidant enzyme and increased activity of oxidant enzyme, ie XO, in rat (1, 30, 36) . Xantine oxidase is an important source of O 2
•-in cells and tissues. It is a member of a group of enzymes known as molybdenum iron-sulfur flavin hydroxylases and catalyses the hydroxylation of purines. Xantine oxidase catalyzes the reaction of hypoxanthine to xanthine and xanthine to uric acid. In both steps, molecular oxygen is reduced, forming the O 2
•-in the first instance and H 2 O 2 in the second (29) . There is growing evidence that O 2
•-radicals produced by XO are primarily responsible for the cellular deterioration associated with several conditions (1, 38) . It seems that O 2
•-and H 2 O 2 are the main sources of radiation-induced free radical production that deplete the cellular GSH level, which has a central role in the antioxidant defense in the cell. Hydrogen peroxide can interact with metal ion or O 2
•-to produce OH
•-, a very destructive radical. After irradiation accompanied by enhancement of lipid peroxidation, a marked depletion in the antioxidant system was reported in some studies. Normally, the natural defense system can protect against oxidative damage (1, 5, 38) .
Several studies have been reported that ROS and RNS have been implicated in the pathogenesis of a large number of diseases such as cancer, rheumatoid arthritis, infectious diseases, atherosclerosis, and in cataract (1, 7, 8, 10, 13) . Against these detrimental effects of ROS and RNS, tissues have enzymatic and non-enzymatic defense mechanisms (8, 9) . Tissue damage starts with lipid radical formation in the cell membrane. This radical first turns into lipid peroxide, and then the damage is completed by the formation of toxic products, such as aldehyde, alkane and MDA (42) . Radiation-induced lipid peroxidation is a free radical process. The process of lipid peroxidation is one of oxidative conversion of polyunsaturated fatty acids to several products including MDA and lipid peroxides. Malondialdehyde, because of its high cytotoxicity and inhibitory actions on protective enzymes, acts as a tumour promoter and a co-carcinogenic agent (10, 43, 44) . Malondialdehyde is a well-characterized mutagen that reacts with deoxyguanosine to form a major endogenous adduct found in the DNA of human liver. One result of oxidative stress and lipid peroxidation is the formation of DNA adducts. Because DNA is believed to be the target molecule for carcinogens, endogenous DNA adducts derived from oxidative stress, lipid peroxidation, and other sources have been suggested to contribute to the aetiology of human cancer (45) . Also, MDA can react with DNA bases G, A and C to form adducts M1G [pirymido (1, 2a)purin-10(3H)-one)], M1A [N 6 -(3-oxo-propenyl) deoxyadenosine] and M1C [N 4 -(3-oxo-propenyl) deoxycytidine], respectively. The major adduct to DNA is M1G. M1G adducts were found in tissue at levels ranging from below the limit of detection to as high as 1.2 adducts per 10 6 nucleosides (which corresponds approximately 6000 adducts per cell). M1G has also been detected in human breast tissue by 32 P-postlabeling as well as in rodent tissues (29, 45, 46) . In our study, we found that MDA levels in tongue-tissue of rats in the IR group significantly increased when compared to the control, sham control groups. The increases in MDA levels were significantly decreased after TQ premedication in comparison to the IR group. As mentioned above, this is a result of antioxidant effects of the TQ and its free radical scavenging activity.
Several studies have reported that ionizing radiation damages the cells either directly or indirectly through the radiolysis of water and production of free radical. Nitric oxide, a reactive radical, is formed in higher amounts from L-arginine by iNOS in response to ionizing radiation (43, 47) . Nitric oxide together with other ROS, is known to induce cytotoxicity and cytostasis. Some studies on NO
• -and H 2 O 2 -induced oxidative damage have cited similarities between the two chemicals in their enzymatic generation, chemical interaction with macromolecules and resulting cytotoxicity (44, 48) . Agrawal et al (49) in their study carried out in animals reported that NO
• levels induced by radiation were significantly higher in the liver of tumour-bearing animals when compared to the non-tumour-bearing control group of animals. In this study, when rats were exposed to single dose 5 Gy gamma irradiation, we found that NO
• and ONOO -levels and the NOS activity in IR group significantly increased in the tongue-tissue of rats when compared to control, and sham control groups. Premedication with TQ significantly decreased these parameters in IR plus TQ group compared to the IR group.
Under conditions of nitrosative stress induced by irradiation, NO
• is often produced; it reacts rapidly with O 2 •-to form ONOO - (38, 44, 50) , which in itself is cytotoxic and readily decomposes into the highly reactive and toxic OH
•-and nitrogen dioxide (NO 2 ). ONOO -is much more reactive than NO
• and O 2 •-which cause diverse chemical reactions in biological systems including nitration of tyrosine residues of proteins, triggering of lipid peroxidation, inactivation of aconitases, inhibition of the mitochondrial electron transport, oxidation of biological thiol compounds, and damage to DNA (44, 45, 51) . Reactive nitrogen species also causes DNA damage, which result in mutation. Increase in RNS formation and decrease in antioxidant enzymes lead to oxidative DNA injury.
This damage is primarily caused due to formation of ONOO. A study done by Inoue et al (52) has been reported that SIN-1, a donor which is capable of generating both NO
• and O 2
•-, oxidizes guanine to 8-hydroxydeoxyguanosine (OH-dG). Thus, there occurs a balance between oxidative and nitrosative stress (53) . Many studies have also been reported that NO enhances the oxidative stress caused by H 2 O 2 and also reacts with other radicals such as lipid peroxides (10, 44, 53) . The endogenous production of NO causing DNA damage generates both oxidative and nitrosative stress (53) .
In conclusion, we found increased nitrosative and oxidative stress and decreased antioxidant parameters in tonguetissues of rats in IR group in comparison to the other groups. This is the first study that investigates the effect of thymoquinone on the oxidant/antioxidant system in the irradiated tongue-tissue of the rats. In view of the data obtained in this study, by reducing the formation of NO • , ONOO -and MDA, an indicator of lipid peroxidation, and decreasing XO, NOS activities, TQ has shown antioxidant effects and a free radical scavenging activity and reduced oxidative stress in the tonguetissue of rats exposed to gamma irradiation. Thymoquinone may be a beneficial agent in protection against ionizing radiation-related tissue injury. In addition, further studies are required to determine the potential value of specific antioxidant nutrients during radiotherapy.
